in canine diaphragm thickness. J. Appl. Physiol. 70(6): 2663 -2668 , 1991 .-To quantify the relationship between both regional and overall diaphragm morphometry and body weight in the dog, diaphragm thickness was measured in five regions of the costal diaphragm and three regions of the crural diaphragm in 40 healthy dogs (B-40 kg) . Surface area of the diaphragm, diaphragm weight, and body weight were also determined.
Diaphragm surface area and weight varied linearly with body weight, but there was no significant correlation between overall diaphragm thickness and body weight. Diaphragm thickness varied significantly between regions, and three regions had systematic left-to-right differences as well. Because diaphragm geometry influences the diaphragm's function as a pressure generator, regional differences in thickness may alter the relationship between the force developed by the activation of a particular region of the diaphragm and its action on the respiratory system. respiratory mechanics; respiratory muscle physiology; comparative anatomy THE AVERAGE THICKNESS, weight, and surface area of the diaphragm have been shown to correlate with the body weight of mammals ranging from mouse to horse, including humans (l-5,11,15,17,18) .
In addition, other investigators demonstrated that diaphragm thickness and weight can be affected by disease and long-term physical activity (1, 2) . In the course of other experiments conducted in our laboratory, we observed regional differences in diaphragm thickness consistent with those recently reported by Brancatisano et al. (unpublished observations) , but heretofore no extensive information was available in the literature.
Regional differences in diaphragm muscle thickness may alter the relationship between the force developed by the activation of a particular region of the diaphragm and its action on the respiratory system. The total tension, or force per unit length, in the diaphragm muscle is the sum of passive and active muscle tension. Passive tension is a function of transdiaphragmatic pressure and diaphragm shape, and active tension is the tension generated by the activation of the neuromuscular excitation/contraction coupling mechanism. Deformation of the respiratory system by the diaphragm is dependent on the total stress or force per unit cross-sectional area developed by the muscle, diaphragm shortening and displacement, and the resistance of the respiratory system to distortion. Diaphragm thickness plays an important role in the relationship between tension and stress: if tension and material properties are uniform in the diaphragm, thicker regions will develop lower total stresses than thinner regions.
The first aim of this report was to measure the regional variation of canine costal and crural diaphragm thickness. Because there is very little information available about the relationship between body weight (BW) and diaphragm morphometry in the dog (15), the second aim of this report was to describe general diaphragm morphometry (average thickness, weight, and surface area) over a large body weight range in healthy mongrel dogs.
METHODS
Immediately after administration of a lethal injection of pentobarbital sodium, the entire diaphragm of 40 normal mongrel dogs (8-40 kg) was removed with scalpel and scissors as close as possible to the costal margin and crural attachments. We placed the diaphragm flat on a cloth, with minimal stretching of the muscle. With a permanent-ink marker, the costal diaphragm/central tendon boundary was divided into five approximately equal segments, and these marks were extended to the diaphragm periphery along the direction of the muscle fibers. In this manner, five regions were defined from ventral to dorsal in each costal hemidiaphragm (Cos lCos 5) (Fig. 1) . The crural region was similarly divided into three regions from lateral to medial (Cru l-&w 3). The sharpened end of a thin stainless steel tube (7 mm ID) was placed on the diaphragm muscle surface, and the other end was struck with a rubber mallet, excising a cylindrical piece of tissue (A. Brancatisano, personal communication) . The cloth under the diaphragm prevented the diaphragm from slipping during excision. Three tissue samples were removed from locations well distributed throughout that region and were weighed immediately. This process was repeated in each of the eight regions. Figure 1 shows the location of the samples removed from one representative animal.
Regional muscle thickness (h) was determined from the combined muscle mass (M) of the three samples, density (p), and punch radius (R), using the following equation . I
where h is in units of centimeters and A4 is in grams.
In one-half of the dogs (20 dogs), the tissue sampling process was repeated on the other hemidiaphragm. We refer to this group as the bilateral group and refer to the 20 dogs with unilateral sampling as the unilateral group (n = 9 right side, n = 11 left side). In the bilateral group the entire diaphragm was weighed before sampling.
In both groups, the thickness of the central region of the central tendon was measured to the nearest 0.02 mm with a micrometer.
The diaphragm was photographed with a ruler in the field before the muscle samples were removed. The photographs of the diaphragms of the bilateral group were enlarged 200% with a photocopier. The diaphragm muscle and central tendon regions were cut from the photocopy paper and weighed. Muscle and central tendon surface areas were calculated from these weights and that of a 25cm2 region of the same paper. The sum of muscle and central tendon surface areas was defined as total diaphragm surface area (TDSA). Frequently, the diaphragms of the unilateral group were intact only on the side sampled, so diaphragm mass and surface area could not be determined in this group.
Approximately lo-20 min elapsed between diaphragm excision and weighing of the last sample for the unilateral and bilateral groups, respectively. After the diaphragm is removed, moisture evaporates from the tissue, and the diaphragm muscle sample weight decreases. The weight of samples excised near the end of the sampling process would be decreased due to evaporation and would be interpreted as thinner regions compared with earlier samples. To determine the effect of hydration loss of the diaphragm on our measurements, we removed the diaphragm from five mongrel dogs (25-30 kg) (group C). The entire diaphragm was weighed immediately after ex- cision and placed on a cloth. At 5min intervals for 1 h, the diaphragm was weighed and then returned to the cloth before the next weighing. Figure 2 shows the slight but steady decrease in diaphragm weight (DW) with time for group C. The relationship between percent weight or thickness loss and elapsed time is % weight loss = 0.061(t) + 0.222 R2 = 0.993 (3) Samples weighed lo-20 min apart would differ by only O&1.4% due to our measurement technique.
Statistical analysis. A multivariate analysis of variance was performed on the bilateral group data set to determine whether there were any global side-to-side and region-to-region differences in diaphragm thickness and any side-region interactions.
Right and left thicknesses of the eight individual regions in this group were compared using paired t tests, and significance was determined employing the Bonferroni correction for multiple tests. The mean thickness of each costal diaphragm, crural diaphragm, and hemidiaphragm was computed. Then a correlation was performed between BW and these average measures, the thickness in each region, and total DW. One-way analysis of variance (ANOVA) with repeated measures was performed on the right and left hemidiaphragms separately to examine the regional variations in diaphragm thickness, and significance was determined by Sheffe's F test. Total surface area and DW were related to BW using linear regression. These tests were repeated including the unilateral group where appropriate, and the results were similar. Therefore, we shall discuss only the bilateral group data set unless otherwise specified. With the exception of the multiple paired t tests where significance was P < 0.00625, statistical significance was defined as P < 0.05. All values are means t SD. Values are means t SD.* Statistically significant sideto-side differences, P I 0.05, Open bars, right side; hatched bars, left side.
RESULTS
Side-to-side andlor regional variations in thickness. There was no difference between right and left overall hemidiaphragm thickness in either group by paired t test (bilateral group) and unpaired t test (unilateral group). However, multiple paired t tests comparing right with left thickness in the bilateral group showed that three regions (Cos 1 and 5 and Cru 2) had significant side-toside differences. In all three regions right was thicker than left. Regional thicknesses for the right and left hemidiaphragm averaged across the bilateral group dogs are shown in Fig. 3 . When the data were examined in identity plots of right vs. left thickness for each region, these three regions did not contain any outliers that forced the outcome. Multivariate ANOVA on the bilateral group revealed that effect of side and region (together) was significant (F = 9.7, P = 0.0003), and effect of region alone was highly significant (F = 58.8, P = 0.0001). Therefore, when looking at regional effects, each side was considered separately.
The results of one-way ANOVA (bilateral group) to determine regional differences are presented in Table 1 for the left and right sides. Costa1 region 5 (Cos 5) was significantly thinner than all other regions, and region Cru 3 was thicker than nearly every other region. Cos 4 was not as thin as Cos 5 but was thinner than most other regions.
Diaphragm morphometry and B W. There was no significant correlation between BW and any of the following thickness parameters: thickness in each region, average right thickness, average left thickness, average right costal thickness, left costal thickness, right crural thickness, or left crural thickness. Both the unilateral groups were used in the correlations. Therefore the muscular region of the diaphragm is -98% of the total weight of the diaphragm.
DISCUSSION
Four factors influence the results of this study: 1) the loss of hydration during the measurement period, 2) the amount that the diaphragm is stretched on the cloth before and during the sampling process, 3) the assumption of uniform diaphragm muscle density, and 4) the relationship between excised and in vivo muscle thickness. First, although samples were removed from the costal regions first and the crural regions second, the results of our second study on group C show that the effect due to moisture lost during the lo-to 20-min measurement period would be <l.5%, far smaller than the magnitude of many of the regional differences.
Second, although the diaphragm as a whole is distorted as it is removed from the animal, we assume that there is no plastic, or irreversible, tissue deformation. In addition, because any stretch present in the diaphragm at the time we removed tissue samples would decrease our estimate of diaphragm thickness, we tried to place the dia- phragm on the cloth without stretching the diaphragm to ensure a relatively stress-free state. In addition to being quite sharp, our cylindrical corer was struck quickly with the mallet to minimize tissue deformation during the sampling process and to produce systematically similar cylindrical samples. Third, previous investigators have measured the density of various skeletal muscles in humans, cats, rabbits, dogs, and guinea pigs (6, 9, 13, 19), and density differed by only 3% over the group. More specifically, diaphragm density differed ~1% from the value 1.056 g/cm3 used in this work to calculate diaphragm thickness. However, to assure ourselves that regional variation of diaphragm muscle density can be neglected, we examined the regional variation of water content in the diaphragms of three additional dogs. The diaphragms were removed, and regions were identified in each hemidiaphragm as described in METHODS. The regions were separated from each other and the central tendon by scalpel and were weighed immediately and again after 8 wk of air drying at room temperature.
After averaging right and left data together across all dogs, regional water content, defined as the decrease in weight of a region normalized by its original weight, varied from 97 to 102% of the average water content. In comparison, averaging right and left data together in Fig. 3 , diaphragm thickness varied much more than density (as estimated from water content), from 73 to 118% of the average diaphragm thickness. In summary, regional variation of diaphragm density contributes little to our findings of variation in diaphragm thickness. Last, Margulies et al. (12) showed that the in vivo length of the diaphragm at lung volumes below total lung capacity is somewhat longer than its excised length and that some regions may be stretched in vivo more than others. These regional differences in stretch affect how the results of this study can be extrapolated to in vivo muscle thickness, and this concern will be addressed later.
Our results in the dog show a significant regional variation in thickness measured in the excised diaphragm.
Moreover, we find a linear dependence of diaphragm surface area and DW on BW but no correlation between average diaphragm thickness and BW. Leiter et al. (11) examined the relationship between diaphragmatic morphometry (weight, surface area, and mean thickness) and BW in 13 mammalian species (n = 36) ranging from mouse to horse (0.025-515 kg, median 0.427 kg) with a power function of the form x: = aBWb. Such representations are valid when considering structurally or functionally similar animals over a size range of 2100 times (7, 16) . Many studies (l-5, 10, 15, 17, 18, 20) , including this one, examine morphology over smaller size ranges and therefore can propose only linear relationships between variable x and BW.
Average diaphragm muscle thickness has been measured in the excised diaphragm directly (17) or has been estimated from the ratios of muscle volume to muscle surface area (1, 2) or muscle mass to surface area (10,ll). As shown in Fig. 6 kg. In addition, it may be inappropriate to formulate a general model that assumes the mouse and horse are structurally similar. Considered together, the remaining studies (1,2, 10,17, Body weight (kg) (1, 17) found weak but significant correlations between diaphragm surface area and BW in the human. The relative proportions of muscle and central tendon are similar in dogs and humans. We report the surface area of excised canine diaphragm muscle to be 81 t 2% of the TDSA, which is comparable to the 84% ratio found in the excised human diaphragm by Arora and Rochester (1) .
The weight of the diaphragm, as previously shown for the lungs and heart (16), scales linearly with BW. Other investigators have documented a linear relationship between DW and BW in the rat (3), rabbit (4), dog (E), and human (1, 2, 5, 10, 17, 18) . In addition, the logarithmic relationship proposed by Leiter et al. (11) has an exponent of -1.0.
Similar regional variations
in canine diaphragm thickness were observed by Brancatisano et al. (unpublished observations) .
In a group of five dogs, they found diaphragm thickness decreased in a ventral-to-dorsal gradient over the dorsal 80% of the costal diaphragm and no consistent gradient in the crural diaphragm. Variations in diaphragm thickness may be caused by regional differences in number or size of muscle fibers. Reid et al. (14) Fig. 3 is -8% thicker than Cos 1.
Therefore we conclude that the regional variations in diaphragm thickness are probably due to local differences in the total number of fibers, as well as fiber composition and fiber size.
As mentioned earlier, the diaphragm measurements reported in this communication were made on excised tissue. If the in vivo length of the diaphragm is longer than its excised length, the diaphragm would be thinner, assuming the muscle is an incompressible tissue, and therefore its volume must remain constant. Margulies et al. (12) First, we assumed that the passive diaphragm tissue is a homogeneous isotropic elastic material. Second, we assumed that at FRC the stress in situ perpendicular to the abdominal or thoracic surface of the diaphragm (a,) is negligible compared with the stresses along the muscle fibers (a,) and perpendicular to the fibers in the plane of the diaphragm (a ). Third, we assumed that the state of stress in the diap K ragm in vivo falls between two extremes: uniaxial stress (au = 0) and uniform biaxial stress ( cx = c$. Between these two extremes, the change in thickness with respect to the excised stress-free thickness (E,) varies from -0.5 to -2 times E,, the change in length along the muscle fiber with respect to L,,. Thus, in a region that is stretched 20% L,, at FRC, the thickness would decrease lo-40% of the excised thickness.
Margulies et al. (Table 2 in Ref. 12) found that cx at FRC varied from 16 to 32% L,, in the prone dog and 23-50% L,, in the supine dog. The pattern of stretch in vivo would reduce the thickness of all regions of the diaphragm, but thinner regions of the diaphragm would remain thinner, and a regional variation in diaphragm thickness would persist. Regional variations in diaphragm thickness influence the relationship between stress and tension in the diaphragm. If the material properties of diaphragm were homogeneous and the tension (force per unit length) developed by all regions were uniform, thicker regions would experience lower stresses than thinner regions and deform less. On the other hand, if the stress were uniform, variations in diaphragm thickness may be associated with a nonuniform tension distribution. For example, if all regions, when maximally stimulated, could attain a stress of 2.2 kg/cm2, the thickest region (Cru 3, ~0.31 cm) would generate 0.68 kg of force per centimeter of muscle bundle width, whereas the thinnest region (Cos 5, zO.19 cm) would produce only 0.42 kg/cm. Depending on the local properties of the respiratory system, regional differences in thickness could alter the relationship between the force developed by the activation of a particular region of the diaphragm and its action on the respiratory system. Stress, load (transdiaphragmatic pressure), andgeometry (shape and thickness) of any stationary structure are interrelated through a balance of forces. Laplace's relationship for hemispherical shells, Pr = 27&T (where P is transdiaphragmatic pressure, r radius of curvature, h shell thickness, and T stress), reveals that even if the stress were uniform, variations in diaphragm thickness would affect the local curvature and thus the shape of the diaphragm. In the supine posture, h decreases in the costal diaphragm as P increases, and r would decrease in the dependent regions to keep T uniform. In the prone posture, which is more physiological in the dog, h and P vary together, and the radius of curvature would be relatively uniform. Hubmayr et al. (8) showed that diaphragm geometry influences the diaphragm's ability to produce a change in transdiaphragmatic pressure. Thus, by influencing the shape of the diaphragm, regional variations in diaphragm thickness can influence the diaphragm's function as a pressure generator.
In summary, we report I) significant regional variation in excised canine diaphragm thickness, 2) side-to-side thickness differences in the Cos 1 and 5 and Cru 2 regions, 3) a linear dependence of diaphragm surface area and DW on BW, and 4) no correlation between average diaphragm thickness and BW in the dog.
